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• Extensive physics implications, especially for TeV-scale Z0

– Extended Higgs/neutralino sector (LHC cascades, dark matter)

– Quasi-chiral exotics (anomalies; may be long-lived)

– Sparticle/exotics factory

– Possible tree-level FCNC (may compete with SM loops)

– Origin of ⌫ mass (Majorana, Dirac, or ordinary-sterile mixing)

– Can allow electroweak baryogenesis

– Possible Z0mediation of SUSY breaking
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Standard Model with Additional U(1)
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• Family universal for ✏2L,R(u) = ✏2L,R(c) = ✏2L,R(t)

(and (d, s, b), (e, µ, ⌧ ), (⌫e, ⌫µ, ⌫⌧))

– Otherwise, FCNC induced by fermion mixing
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Motivations for a Z0

• Occur in most extensions of standard model, often at TeV scale

• Strings/GUTS (large underlying groups; U(n) in Type IIa)

– Harder to break U(1)

0 factors than non-abelian (remnants)

– Supersymmetry: SU(2)⇥U(1) and U(1)

0 breaking scales both
set by SUSY breaking scale (unless flat direction)

– Elegant solution to µ problem

• Alternative electroweak model/breaking (TeV scale): DSB, Little
Higgs, extra dimensions (Kaluza-Klein excitations, M ⇠ R�1 ⇠ 2 TeV⇥
(10

�17

cm/R)), left-right symmetry

• Connection to quasi-hidden sectors (dark; SUSY breaking)
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Model-Independent Analyses

• Extensive studies of precision electroweak (mass, mixing), Tevatron,
LHC, ILC, possible FCNC

• Mostly for benchmark models (sequential Z0; E
6

; T
3R/B � L;

anomaly-free; DSB; family-nonuniversal; leptophobic; kinetic mixing; · · · )

• Model-independent couplings (possibly family universal)

– Important for probing class of model

– Formalism/diagnostics developed in early 1990s (needs updating)

– Many parameters, even for family universal: QL, LL, u
c
L, d

c
L, e

+

L

charges (g0 absorbed or by convention); MZ0, �Z0, ✓; exotic, Higgs, ⌫R,

family nonuniversal, etc
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• Updated model-independent analysis of LHC/ILC sensitivities and
diagnostic possibilities (with Tao Han, Zhen Liu)

• Comparison to flavor physics for family nonuniversal
(with Cheng-Wei Chiang, Jusak Tandean)

• Focus on TeV-scale with ⇠electroweak-strength couplings to q, `

• Full analysis of two benchmarks (for ILC at 500 GeV and 1 TeV):

– MZ0
= 3 TeV (dielepton resonance at LHC with rapidity, AFB, etc;

ILC interference with Z, �)

– MZ0
= 6 TeV (ILC interference only)

• Sensitivity? How much can one learn about parameters such as
✏R(e)/✏L(L), ✏R(u)/✏L(Q), ✏R(d)/✏L(Q) and new physics decay
channels?
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ILC/CLIC Sensitivies in Specific Models
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1 CLIC PHYSICS POTENTIAL
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Fig. 1.16: Left: Observation of new gauge boson resonances in the µ+µ� channel by auto-scan at 3 TeV.
The two resonances are the Z1,2 predicted by the 4-site Higgsless model of [67]. Right : Expected
resolution at CLIC with

�
s = 3 TeV and L = 1 ab�1 on the “normalised” leptonic couplings of a

10 TeV Z� in various models, assuming lepton universality. The couplings can be determined up to a
twofold ambiguity. The mass of the Z� is assumed to be unknown. �,� and � refer to various linear
combinations of U(1) subgroups of E6; the SSM has the same couplings as the SM Z; LR refers to
U(1) surviving in Left-Right model; LH is the Littlest Higgs model and SLH, the Simplest Little Higgs
model. The two fold ambiguity is due to the inability to distinguish (a,v) from (�a,�v). The degeneracy
between the � and SLH models might be lifted by including other channels in the analysis (tt, bb, . . .).

a mild dependence of the final results on the value of the composite Yukawa coupling Y�U33 that controls
the top mass and the degree of compositeness of tL and bL.

We study the sensitivity of the two models in terms of the discovery regions in their parameter
space [71]. The anticipated experimental accuracy on the electroweak observables (total production cross
section, �ff̄, forward-backward asymmetries and left-right asymmetries, ALR) for the process e+e� � ff̄
(f = µ, b, t) is determined from the analysis of fully simulated and reconstructed events, using the same
CLIC_ILD detector model and the event reconstruction software adopted for the benchmark analyses
discussed in Chapter 12. Beamstrahlung effects are taken into account in the luminosity spectrum, but
machine-induced backgrounds are not overlaid on the e+e� � ff̄ events. For polarised observables we
assume 80% and 60% polarisation for the e� and e+ beam respectively. Quark charge is determined using
semi-leptonic decays, which are robust against the effect of machine-induced backgrounds. In particular,
for tt events we tag the top production using the hadronic decay of one top quark and determine the
charge using the W± � �±� decay in the opposite hemisphere. The deviations of the nine electroweak
observables from their SM predicted values are computed by varying the model parameters in a multi-
dimensional grid scan. The sensitivity to a model is defined as the region of parameters for which the
�2 probability that all the observables are compatible with their SM expected values is below 0.05.
Results for the Z� minimal model and the warped/composite model are shown in Figure 1.17 assuming�

s = 3 TeV. We find that CLIC data are generally sensitive to a mass scale of order 15 TeV with 1 ab�1

of accumulated luminosity, which is well beyond the direct accessibility of any current operating collider.
In the case of the warped/composite model, the sensitivity is larger for smaller values of g�, since in this
limit the couplings of Z’ to the leptons and to the bottom quark are larger. For g� � 1 � 2, only the tt
final state contributes significantly, while the muon and bottom ones are subdominant.

We note that CLIC should also be able to study the signals for spin-2 Kaluza-Klein excitations
of extra-dimensional theories through � + Emiss

T [72]. Figure 1.18 shows the production cross section as
a function of the fundamental gravity scale MD with the cut ET,� > 500 GeV. The SM background rate

28

CLIC, 1202.5940
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1.5 Z�, CONTACT INTERACTIONS AND EXTRA DIMENSIONS
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Fig. 1.15: Limits on the scale of contact interactions (�/g) that can be set by CLIC in the µ+µ� (left) and
bb (right) channels with

�
s = 3 TeV and L = 1 ab�1. A degree of polarisation P� = 0,0.8 (P+ = 0,0.6)

has been assumed for the electrons (positrons). The various models are defined in Table 6.6 of [20],
except the model V1 which is defined as {�LL = ±, �RR = �, �LR = 0, �RL = 0}.

with
�

s = 3 TeV for leptonic final states. In this case the mass of the Z� is assumed to be unknown,
being well beyond the reach of the LHC.

Besides the models considered in the right panel of Figure 1.16, we have studied two other scenar-
ios in detail. The first is a general and model-independent parametrisation of a Z� boson and its couplings
proposed in [68] and generally referred to as minimal Z� model. Its phenomenology at the LHC has been
recently studied in [30]. The basic assumption in the model description is the presence of a single Z�

boson originating from an extra U(1) gauge group broken at the TeV scale, and no additional exotic
fermions, apart from an arbitrary number of right-handed neutrinos. The requirement of anomaly can-
cellation and the assumption of flavour universality of the U(1) charges then fix the couplings of the Z� to
the fermions in terms of just two arbitrary parameters, g̃Y and g̃BL. Several Z� models considered earlier
in the literature can be incorporated in this framework for specific choices of g̃Y and g̃BL.

The second scenario is one in which more than one heavy neutral spin-1 particle exists. This is typ-
ical of extra-dimensional extensions of the SM. In particular, we consider the warped/composite two-site
model of [69], which represents a qualitatively different scenario where third-generation fermions play
a special role. The model can be described as being a “maximally deconstructed” version – i.e. with the
extra dimension discretised down to just two sites – of the 5-dimensional Randall–Sundrum custodial
model first studied in [70]. In the neutral sector there are three heavy Z� bosons. Their couplings are
controlled by composite-elementary mixing angles, which are generation-dependent. The right-handed
top quark, in particular, is fully composite, which implies that the extra spin-1 resonances are strongly
coupled to top pairs and are generally broad. The main signatures of the model are large deviations of
the top sector observables from their SM expectations. In our analysis we have assumed a universal new
vector boson mass M� and composite coupling g�. Also, we have assumed that the composite fermions
have the universal mass scale m� = 1.5M�, so that decays of the Z� particles to the new heavy fermions
are forbidden. Our analysis is thus carried out with just two free parameters: M� and g�. We found only

27
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• [SU(2), U(1)

0
] = 0 ) ✏2L(ui) = ✏2L(di), ✏

2

L(ei) = ✏2L(⌫i)

• Can choose g
2

by convention (or absorb into couplings)

• �Z
2

may be increased by decays into sparticles, exotics, invisible
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Present and future constraints and diagnostics

• Precision electroweak (low energy WNC, Z-pole, LEP2, Tevatron, LHC)

– Stringent limits on Z � Z0 mixing; mass limits superseded by Tevatron,
LHC

– Future: JLab and other (Qweak, Moller, SOLID); Giga-Z
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The Tevatron and LHC

• Resonance in pp, ¯pp ! e+e�, µ+µ�, · · · AB ! Z↵ in narrow width:
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= color factor

• Also dijet, ¯tt, etc: strongly coupled resonances

• Corrections for QCD/interference, etc
(e.g., Petriello ea, 0801.4389; Erler ea, 1103.2659)
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• LHC discovery to ⇠ 4 � 5 TeV

– Spin-0 (Higgs), spin-1 (Z0), spin-2 (Kaluza-Klein graviton) by angular
distribution, e.g.,

d�f

Z0

d cos ✓⇤ / 3

8

(1 + cos

2

✓
⇤
) + A

f
FB cos ✓

⇤ [for spin-1]

• Rates (total width) dependent on whether sparticle and exotic channels open
( �Z0/MZ0 ⇠ 0.01 ! 0.05 for E

6

)
(Kang ea 0412190, Chang ea 1107.1133)
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Discovery Reach (GeV)
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e�e+ Linear Colliders: ILC, CLIC

• e�e+ ! f ¯f (�, Z, Z0 interference in �, AF,B, Pe�,e+, mixed )

✏
↵
L,R(f) ! ✏

↵
L,R(f)

M↵p
M2

↵ � s

• Possible window for resonance at CLIC?

• Regimes

– Discovery/mass at LHC (4-5 TeV)

– Too heavy for LHC (sensitive to 7-10
p

s)

– Also: Z-pole (Giga-Z)
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Diagnostics of Z0 Couplings

• LHC diagnostics to 2-2.5 TeV
• Forward-backward asymmetries and rapidity distributions in `+`�
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• Other two body decays (jj, ¯bb, ¯tt, eµ, ⌧+⌧�)

• Lineshape: �Z0B`, �Z0

• ⌧ polarization

• Associated production Z0Z,Z0W,Z0�

• Rare (but enhanced) decays Z0 ! W ¯f
1

f
2

(radiated W )

• Z0 ! W+W�, Zh, or W±H⌥: small mixing compensated by longitudinal
W,Z

�(Z
0 ! W

+

W
�
) =

g2

1

✓2MZ0

192⇡

✓
MZ0

MZ

◆
4

=

g2

2

C2MZ0

192⇡
• Exotic decays: multileptons (`¯``¯` via RPV; 6` via ZH0); ggg, gg�

(loops); same-sign dileptons (heavy Majorana ⌫); invisible;
sparticles/exotics (SUSY factory)

• Upgrade to hadronic polarization would be useful
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Fig. 1.16: Left: Observation of new gauge boson resonances in the µ+µ� channel by auto-scan at 3 TeV.
The two resonances are the Z1,2 predicted by the 4-site Higgsless model of [67]. Right : Expected
resolution at CLIC with

�
s = 3 TeV and L = 1 ab�1 on the “normalised” leptonic couplings of a

10 TeV Z� in various models, assuming lepton universality. The couplings can be determined up to a
twofold ambiguity. The mass of the Z� is assumed to be unknown. �,� and � refer to various linear
combinations of U(1) subgroups of E6; the SSM has the same couplings as the SM Z; LR refers to
U(1) surviving in Left-Right model; LH is the Littlest Higgs model and SLH, the Simplest Little Higgs
model. The two fold ambiguity is due to the inability to distinguish (a,v) from (�a,�v). The degeneracy
between the � and SLH models might be lifted by including other channels in the analysis (tt, bb, . . .).

a mild dependence of the final results on the value of the composite Yukawa coupling Y�U33 that controls
the top mass and the degree of compositeness of tL and bL.

We study the sensitivity of the two models in terms of the discovery regions in their parameter
space [71]. The anticipated experimental accuracy on the electroweak observables (total production cross
section, �ff̄, forward-backward asymmetries and left-right asymmetries, ALR) for the process e+e� � ff̄
(f = µ, b, t) is determined from the analysis of fully simulated and reconstructed events, using the same
CLIC_ILD detector model and the event reconstruction software adopted for the benchmark analyses
discussed in Chapter 12. Beamstrahlung effects are taken into account in the luminosity spectrum, but
machine-induced backgrounds are not overlaid on the e+e� � ff̄ events. For polarised observables we
assume 80% and 60% polarisation for the e� and e+ beam respectively. Quark charge is determined using
semi-leptonic decays, which are robust against the effect of machine-induced backgrounds. In particular,
for tt events we tag the top production using the hadronic decay of one top quark and determine the
charge using the W± � �±� decay in the opposite hemisphere. The deviations of the nine electroweak
observables from their SM predicted values are computed by varying the model parameters in a multi-
dimensional grid scan. The sensitivity to a model is defined as the region of parameters for which the
�2 probability that all the observables are compatible with their SM expected values is below 0.05.
Results for the Z� minimal model and the warped/composite model are shown in Figure 1.17 assuming�

s = 3 TeV. We find that CLIC data are generally sensitive to a mass scale of order 15 TeV with 1 ab�1

of accumulated luminosity, which is well beyond the direct accessibility of any current operating collider.
In the case of the warped/composite model, the sensitivity is larger for smaller values of g�, since in this
limit the couplings of Z’ to the leptons and to the bottom quark are larger. For g� � 1 � 2, only the tt
final state contributes significantly, while the muon and bottom ones are subdominant.

We note that CLIC should also be able to study the signals for spin-2 Kaluza-Klein excitations
of extra-dimensional theories through � + Emiss

T [72]. Figure 1.18 shows the production cross section as
a function of the fundamental gravity scale MD with the cut ET,� > 500 GeV. The SM background rate
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• Benchmarks vs model independent studies of couplings
(parametrization: Cvetic ea, 9501390, 9312329, 9303299)

• LHC/ILC (CLIC) diagnostics complementary

• Extensive references in

– The Hunt for New Physics at the Large Hadron Collider, 1001.2693
– The Physics of Heavy Z0 Gauge Bosons, 0801.1345
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